The discovery of spin crossovers in iron under pressure in ferropericlase and iron-bearing magnesium silicate perovskite, the major mineral phases of the Earth's lower mantle, ignited in the last eight years intense discussions on the nature of this phenomenon and potential effects on the state and evolution of the Earth's mantle and of the planet as a whole. The nature of spin crossover in ferropericlase is better understood, and consensus on the interpretation of experimental data has been essentially achieved. However, in perovskite numerous experiments and computations have been carried out, often giving different results or suggesting different interpretations. Perovskite is a much more challenging system to investigate for a couple of reasons: there are two types of iron, ferrous (Fe 2+ ) and ferric (Fe 3+ ), more than one site can be occupied by iron, the A and B perovskite sites (as in ABX 3 ), and experiments do not probe the spin state unambiguously. Calculations are also especially difficult. This type of problem has challenged condensed matter theorists for decades. In addition, novel density functional theory þ Hubbard U (DFTþU) electronic structure techniques, sometimes previously untested, are being used to address this type of problem. In summary, the challenge is multi-faceted. Here we review a series of calculations that have succeeded in reproducing experimental data and have been essential for their interpretation. They used the recently developed DFTþUsc method where the Hubbard U is obtained self-consistently by first principles. In particular, the electric field gradients (EFGs) at the nucleus of iron and thus quadrupole splittings (QSs) have been successfully computed, making direct comparisons between measured (via Mössbauer spectroscopy) and computed QSs for various spin states possible. This strategy led to unexpected findings in (Mg 1-x Fe x )SiO 3 and in (Mg 1-x Fe x )(Si 1-x Fe x )O 3 (x = 0.125): in the pressure range of the lower mantle a) ferrous iron in the A site undergoes a site change, not a spin-state change and b) in ferric iron, spin crossover happens only in the B-site.
Introduction
The spin-state crossover of iron in ferropericlase under pressure was observed in 2003 by X-ray emission spectroscopy (XES) (Badro et al., 2003) . This phenomenon is often also referred to as ''spin pairing transition'' or ''spin(-state) transition''. In the following year a similar crossover was also observed in iron-bearing MgSiO 3 perovskite by the same technique (Badro et al., 2004) . This phenomenon had been predicted decades ago (Fyfe, 1960; Gaffney & Anderson, 1973; Ohnishi, 1978; Sherman, 1988 Sherman, , 1991 Sherman & Jansen, 1995; Cohen et al., 1997) but the pressure conditions were challenging for experiments and it took a couple of decades to observe it. Aluminum and iron bearing perovskite, and ferropericlase, Mg 1-x Fe x O, are the most important phases of the Earth's lower mantle, comprising $75 vol% and $20 vol% of this region, respectively. The remaining consists of CaSiO 3 -perovskite, according to the pyrolitic compositional model (Ringwood, 1982) . Silicate perovskite transforms into another polymorph, post-perovskite, at conditions expected to occur near the D'' discontinuity in the deep lower mantle, i.e. 2,500 K and 125 GPa (Murakami et al., 2004; Oganov & Ono, 2004; Tsuchiya et al., 2004; Wentzcovitch et al., 2006) . The implications of these spin crossovers for the properties of the mantle, or of the entire planet, are yet to be fully understood, but several geodynamic simulations have already incorporated spin crossovers (Bower et al., 2009; Matyska et al., 2011; Shahnas et al., 2011) . Today, theoretical mineral physics studies are making decisive contributions to this problem. They can reliably and selectively address different issues of complex systems and are essential to interpret the data. This article reviews the main theoretical results on the spin-state crossover in perovskite, with special focus on work by our group. This is the most important and still the most controversial system. The spinstate crossover in ferropericlase has recently been reviewed in another article (Hsu et al., 2010a) and we only briefly mention those results to set the stage for the discussion on perovskite.
Ferrous (Fe 2þ ) and ferric (Fe 3þ ) iron in silicates and oxides have highly localized d electrons and electronic Paper presented at the 7 th European Conference on Mineralogy and Spectroscopy, Potsdam, September 4-7, 2011 correlation is strong. Spin changes in strongly correlated oxides and silicates under pressure has challenged electronic structure theory for several decades. The commonly used versions of density functional theory (DFT) (Hohenberg & Kohn, 1964; Kohn & Sham, 1965) , such as the local density approximation (LDA) (Ceperley & Alder, 1980; Perdew & Zunger, 1981) and generalized gradient approximation (GGA) (Perdew et al., 1996) often fail to explain fundamental properties of materials containing strongly correlated ions, in particular their insulating character. This challenge has inspired the development of new methods for electronic structure computations of strongly correlated materials that are mature enough to address this problem today. In this paper, we offer a review of theoretical/computational studies that have been performed to date by our group on iron-bearing perovskite and analyze the performance of different approaches by contrasting results with each other and with experimental data. Results summarized here were obtained using standard DFT within the LDA and GGA, or the internally consistent DFTþU approach (Cococcioni & de Gironcoli, 2005) . For a general review of the spin crossover in ferropericlase and perovskite, including experiments up to 2007-08, we refer to a recent paper by Lin & Tsuchiya (2008) . Experimental information on perovskite that has become available since then and are relevant for comparison with calculations is reviewed here.
Spin pairing phenomenon
Our basic understanding of the spin-pairing phenomenon can be summarized as follows: the 5-fold degeneracy of the 3d states of iron splits in a crystalline field. The nature and ordering of the new energy levels depends primarily on the atomic structure of the first coordination shell and interatomic distances between the 3d atom and ligands. Electronic states of iron in Earth forming silicates and oxides at ambient conditions are relatively localized. In stoichiometric compounds such as FeO and Fe 2 O 3 , magnetic moments of iron are anti-ferromagnetically ordered (Fjellvag et al., 1996; Rollmann et al., 2004) . The solid solutions of the lower mantle are not magnetically ordered. They are paramagnetic insulators. In ferropericlase and iron-bearing perovskite, the energetic order, symmetry, and occupation of iron 3d orbitals can be understood on the basis of crystal field symmetry and Hund's rule. In octahedral sites, the most relevant site as far as spin-state changes are concerned, orbital alignments and their energy ordering are shown in Fig. 1 . Ferrous iron has six 3d electrons. In the high-spin (HS) state, five of them have spin þ1/2 (up) and one has spin -1/2 (down). Their angular momentum is essentially quenched, spin orbit interaction is not important, and the total-spin quantum number, S, is equal to 2. The intermediate-spin (IS) state has four 3d electrons with spin up and two with spin down, for a total spin S ¼ 1. The low-spin (LS) state, has three electrons up, three down, and S ¼ 0. Ferric iron has five 3d electrons; the HS state has five spin up electrons, for S ¼ 5/2; the IS and LS states have S ¼ 3/2 and 1/2 respectively. The charge density distribution of the partially occupied 3d electrons is non-spherical and is related to the ordering of the energy levels established by the crystalline field and the number of 3d electrons. This non-spherical distribution distorts the first coordination shell of ligands, the so-called Jahn-Teller (J-T) effect. In Earth forming silicates, iron is in the HS state at ambient pressure. With increasing pressure, the Fe-O bond-length decreases, the crystal field, E c in Fig. 1 , increases, and the energy splitting between d states increases. This eventually leads to a change in the occupation of these orbitals, i.e. the spin pairing phenomenon is characterized by a change in the occupation of the lowest d-orbitals and a change in the total spin S. How these occupations change under pressure has been controversial, in particular the existence of the IS state. In principle, spins could pair gradually, with a change of S from 2 to 1 to 0 in ferrous iron or from 5/2 to 3/2 to 1/2 in ferric iron. In fact, Fig. 1. (a) 3d orbital alignments and their classification in octahedral field. E c is the crystal field splitting and E x is the Hund's rule energy. (b) Energy levels and occupancies for 3d
6 ions, such as ferrous iron. Ferric iron has configuration 3d 5 and the electron in the highest energy level is absent. Its total spin in HS, IS, and LS states are 5/2, 3/2, and ½ respectively.
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R.M. Wentzcovitch, H. Hsu, K. Umemoto the nature of these spin changes has been difficult to predict since it can depend on several factors (e.g., chemistry, stoichiometry, etc). This ambiguity is illustrated very well in perovskite and it is the main reason for focusing this review on this mineral. The change in orbital occupancy is accompanied by a substantial octahedral volume reduction that can produce thermodynamics , elastic, and possibly viscosity anomalies . This is essentially an enthalpy driven transition.
Theoretical approach
Iron-bearing perovskites are paramagnetic solid solutions, insulators with localized moments. Iron concentrations in the bulk lower mantle, X Fe , are predicted to be relatively low (X Fe , 0.1) (Murakami et al., 2005; Irifune et al., 2010) . These systems are challenging to theory and computations for a couple of reasons: description of their electronic structure, treatment of their solid solutions, and calculation of their vibrational properties, without which a true thermodynamics treatment is not possible. The thermodynamics of ferropericlase has been investigated pretty extensively using an approximated model of its vibrational density of states Wu et al., 2009) . However, perovskite is a more complex system and its theoretical investigation has not reached that same level yet.
Electronic structure methods
The strong electronic correlation in iron in mantle oxides and silicates requires use of electronic structure approaches that go beyond standard density functional theory (DFT) for predictive studies. DFT is a ''one electron'' mean-field approach (Hohenberg & Kohn, 1964; Kohn & Sham, 1965) , where one solves a Schrödinger-type equation for a single electron subjected to the ''mean field'' potential created by ''all'' electrons, including the one in consideration.
þ V xc ðrðrÞ; ÑrðrÞ; c j ðr 0 Þ; Ñc j ðr 0 Þ:::
In this expression V ext (r) is the external potential created by the ions; V el (r) is the electrostatic potential created by the continuous charge density created by ''all'' electrons in occupied orbitals:
where the charge density r(r) is the summation of the charge density probability from all occupied orbitals: (r) . In the local density approximation (LDA), this potential is a local functional of the charge density, namely, V xc (r(r)); in the generalized gradient approximation (GGA) it is a functional of the local charge and of the local charge gradient, V xc ðrðrÞ; ÑrðrÞÞ. In more complex functionals, such as meta-functionals, this potential depends on the kinetic energy, V xc ðr; Ñr; ÑcÞ. These are the meta-GGA or -LDA. Hybrid functionals include explicitly a certain amount of the exact exchange interaction.
The total DFT energy then is: 
Standard versions of DFT produce particularly poor structural and electronic properties for systems containing localized d-electrons such as ferropericlase and ferric iron-bearing perovskite . Both are predicted to be metallic, rather than insulators, by LDA or GGA. Consequently, not only electronic but also structural properties obtained with these functionals do not compare well with experiments. Hybrid-and meta-GGA type functionals, while looking promising, have not been sufficiently tested yet and are not as efficient for solid-state systems as of now. There is, however, another family of functionals, the so-called corrective functionals, to which the DFTþU method belongs (Cococcioni & de Gironcoli, 2005) , that is highly efficient and has been particularly successful in describing the electronic structure of these types of systems. Other functionals in this family include, DFTþUþV, DFTþUþJ, and DFTþUþVþJ. These functionals have ''ad hoc'' expressions to correct directly for the known shortcomings of DFT (self-interaction and dynamic correlation). In contrast, standard DFT has described structural and elastic properties of perovskite with ferrous iron quite successfully (Kiefer et al., 2002; Umemoto et al., 2008; Hsu et al., 2010b) . They display small but non-vanishing electronic gaps, even within LDA or GGA, and orbital occupancies and charge densities are correct. The electronic charge density is essential for describing structural properties and the introduction of the Hubbard U in the functional does not change the charge density drastically. Obviously, this is not the case for systems that are metallic in the absence of the Hubbard U. The Hubbard U, however, always affects transition pressures, since different phases, or different spin states in the same phase have different U values. This method has recently been discussed by Hsu et al. (2011a) . Our studies of iron-bearing perovskite have tested results using the following options: LDA, LDAþU, GGA, and GGAþU. The DFTþU approach has recently been reviewed by Cococcioni (2010) . In short, the total energy functional is:
where E DFT is the DFT ground-state energy of the structure, and n Is is the occupation matrix of the atomic site I with spin s. The atomic-like orbitals used in defining n Is are arbitrary, but the calculations of U and E are consistent with this definition (Cococcioni & de Gironcoli, 2005; Fabris et al., 2005) . The Hubbard U is computed using linear response theory. In practice this procedure starts by computing the DFT or DFTþU (with a trial U) ground state of a given structure. The occupation matrix n Is at site I is then determined. The next step is to apply perturbations to the potential localized at the Hubbard site I. The perturbed states lead to different occupation matrices. The linear response of the occupation matrix n Is to the local potential shift is used to (re)determine the Hubbard U. In this scheme, the value of U depends on both the spin state and the unit-cell volume (Cococcioni & de Gironcoli, 2005; Tsuchiya et al., 2006; Hsu et al., 2010b, c; 2011b) . U depends most strongly on valence and spin state, then on the environment, i.e. the structure of the first coordination shell, and then on volume.
Thermodynamic treatment of the mixed spin state
At finite temperatures, perovskite with iron concentration X Fe can, in principle, have irons in multiple spin states, i.e. in a mixed-spin (MS) state. Knowledge of the equilibrium population of each spin state at high temperatures and pressures is crucial to study the consequences of the spin crossover on their properties. Since X Fe of these minerals in actual lower-mantle perovskite is relatively small, i.e. , 0.10, we treat perovskite in the MS state as the ideal solid solution of the mixture of each pure spin state. This is not the same as a solid solution of, e.g. MgSiO 3 and FeSiO 3 . The Gibbs free energy of the MS state is thus written as:
where n s and G s are the fraction and Gibbs free energy of each spin state, respectively. The subscript s denotes spin state, i.e. LS, IS, HS, etc. G mix results from the entropy of mixing solution, and it is given by:
The Gibbs free energy of each spin state, G s , has three contributions:
is the Gibbs free energy containing static and vibrational contributions. The calculation of the vibrational free energy is usually addressed using the quasiharmonic approximation (QHA) (Wallace, 1972) in combination with first principles phonons obtained using density functional theory (Baroni et al., 2001) . In ferropericlase the QHA was used in combination with a model vibrational density of states Wu et al., 2009 ). In the spin crossover studies in perovskite discussed in this article, we have not included vibrational effects, since we are trying first to understand the nature of these crossovers. If this contribution is disregarded, G statþvib s reduces to the static enthalpy of spin state s,
The second term in Equation (8) derives from the magnetic entropy,
where m s and S s are the orbital degeneracy and the spin quantum number of each spin state, respectively. The third term comes from the site entropy
where N site s is the number of equivalent equilibrium sites for iron in each spin state. By minimizing the total Gibbs free energy (Equation 2) with respect to n s under the constraint P s n s ¼ 1, the following expressions for each spin state are then obtained: 
Computational details
For (Mg,Fe)SiO 3 perovskite (Umemoto et al., 2008 (Umemoto et al., , 2010 Hsu et al., 2010b Hsu et al., , 2011b , computations used both LDA (Ceperley & Alder, 1980; Perdew & Zunger, 1981) and (PBE) GGA (Perdew et al., 1996) , LDAþU and GGAþU (Cococcioni & de Gironcoli, 2005) . The pseudopotentials for Fe, Si, and O were generated by Vanderbilt's method (Vanderbilt, 1990 with decreasing weights 1.5, 0.6, 0.3, 0.3, and 0.2, respectively, were used. Core radii were r(3s) ¼ r(3p) ¼ r(3d) ¼ 2.5 a.u. with d locality. The plane-wave cutoff energy was 40 Ry. In each supercell used, the k-point mesh is fine enough to achieve convergence within 1 mRy/Fe in the total energy. Variable-cell-shape molecular dynamics (Wentzcovitch et al., 1993) implemented in QUANTUM-ESPRESSO package (Giannozzi et al., 2009 ) is used for structural optimizations. In Hsu et al. (2010b Hsu et al. ( , 2011b , electric field gradient (EFG) tensors were calculated using the augmented plane wave þ local orbitals (APWþlo) method implemented in the WIEN2k code , and they are converted to the QS values using Q ¼ 0.16-0.18 barn (Petrilli et al., 1998) .
Spin-state crossovers in perovskite
The detailed mechanism of the spin crossover in ironbearing magnesium silicate perovskite is still not completely understood especially the in aluminum-bearing perovskite. Much progress has been made recently by experiments and first-principles calculations but studies have not yet addressed all possibilities. The situation is considerably more complex than in ferropericlase for a couple of reasons: i) both, ferrous and ferric iron can be present; ii) while ferrous iron is believed to replace magnesium in the large A site, ferric iron can occupy both the A and/or B sites of the perovskite structure (see Fig. 2) ; iii) the real mantle perovskite also contains aluminum, which increases the amount of ferric iron. The percentage of ferric iron can reach 60 % (McCammon, 1997; Frost et al., 2004) but the uncertainty of this figure could be large; iv) experimental techniques do not reveal unambiguously the spin state. They can reveal spin state changes, or more precisely, changes in electronic configuration of iron, but not the spin state directly. For this reason, interpretation of experimental data has been difficult.
Various experimental techniques have been used to study the spin-state crossover of iron incorporated in MgSiO 3 perovskite, including XES (Badro et al., 2004; Li et al., 2004; Lundin et al., 2008; Catalli et al., 2010 Catalli et al., , 2011 , XANES (Narygina et al., 2009), and Mössbauer spectroscopy (Jackson et al., 2005; Li et al., 2006; Lundin et al., 2008; McCammon et al., 2008; Grocholski et al., 2009; Catalli et al., 2010 Catalli et al., , 2011 . Due to the complicated nature of iron-bearing MgSiO 3 perovskite (three non-equivalent iron sites), the occasional difficulty in identifying iron species in perovskite, and the lack of unambiguousness of these experimental techniques, a solid conclusion cannot be easily drawn from these experiments. For examples, the decreasing of satellite peak (Kb') intensity of the XES spectra in Badro et al., (2004) samples show a broad crossover, and the non-vanishing satellite peak in the XES spectra measured at 100 GPa was attributed to the existence of IS iron. These XES spectra, however, show great resemblance with that in Catalli et al. (2010) , where only Fe 3þ is present. Indeed XES shows the decrease of average electron spin moment of iron, but it shows neither which type of iron undergoes spin-state crossover, nor the exact spin state. Similarly, the spin state of iron cannot be easily determined via XANES spectra (Narygina et al., 2009) unambiguously.
Mössbauer spectroscopy, on the other hand, probes the nuclear quadrupole splitting (QS) caused by the interaction between nuclear quadrupole moment and the static electric potential resulting from surrounding electrons. It can be expected that QS can be sensitive to spin state, as different spin states have different d orbital occupancy, which leads to different electron charge distribution. However, it is still very difficult to identify the iron spin state solely based on the numerical value of QS. Therefore, interpretation of Mössbauer spectra can still be very ambiguous. For samples that contain mostly ferrous iron (Jackson et al., 2005; McCammon et al., 2008) , a change of QS from $2.4 to 3.5 mm/s occurring at 30 GPa has been observed, but was interpreted differently. The state with high QS (3.5 mm/s) emerging at pressures higher than 30 GPa was interpreted as IS by McCammon et al. First-principles studies of spin-state crossoversremains unchanged up to 100 GPa, which suggests the A-site iron remains in the HS state. These results indicate that the ferric iron at the octahedral (B) site undergoes a spin-state crossover. Combined Mössbauer, XES, and XRD studies using samples containing equal amounts of Fe 3þ in A and B sites supports such a mechanism: about half of the HS iron changes to LS state in the 45-60 GPa range while the other half remain in the HS state all the way to 150 GPa (Catalli et al., 2010) .
In an attempt to better understand the spin-state crossover in perovskite and interpret experimental data, several calculations have been performed, but they are not always in agreement with each other (Lin et al., 2005; Hofmeister, 2006; Zhang & Oganov, 2006; Stackhouse et al., 2007; Bengtson et al., 2008 Bengtson et al., , 2009 Umemoto et al., 2008; Hsu et al., 2010b Hsu et al., , 2009 ). The HS-to-LS crossover pressure in ferrous iron in (Mg,Fe)SiO 3 determined by static calculations strongly depends on the choice of exchange-correlation. In general, GGA gives higher transition pressure than LDA by $50 GPa (Hofmeister, 2006; Zhang & Oganov, 2006; Stackhouse et al., 2007; Bengtson et al., 2008; Umemoto et al., 2008; Hsu et al., 2009) , as has been seen in other non-strongly-correlated systems as well (Tsuchiya et al., 2004; Yu et al., 2007 Yu et al., , 2008 ) (see review by Wentzcovitch et al., 2010) . It also depends on other factors, such as the magnetic and atomic order (Umemoto et al., 2008) , the site degeneracy of irons (Umemoto et al., 2010) , and the inclusion of on-site Coulomb interaction, Hubbard U (Hsu et al., 2010b) . In all these calculations, the HS-to-IS transition is not observed. The spin-state transition of ferric iron is also discussed in some theoretical works (Lin et al., 2005; Zhang & Oganov, 2006; Stackhouse et al., 2007) . Our work, so far, has focused on aluminum-free perovskites (Umemoto et al., 2008 (Umemoto et al., , 2010 Hsu et al., 2010b Hsu et al., , 2011b namely, (Mg 1-x Fe x )SiO 3 for ferrous iron, and (Mg 1-x Fe x ) (Si 1-x Fe x )O 3 for ferric iron. In the lower mantle x % 0.1, and we set x ¼ 0.125 in our calculations that are summarized below. Atomic configurations used in these works are shown in Fig. 2. 
Crossover in ferrous iron
For well characterized samples, Mössbauer spectroscopy is a powerful tool to probe the change of iron spin state. The nuclear charge distribution in 57 Fe is not spherical. Its multipole expansion has non-vanishing high-order moments. The nuclear quadrupole moment interacts with the electric field resulting from the electrons around the nucleus. The QS is directly proportional to the product of the nuclear quadrupole moment and the electric field gradient (EFG) at the center of the nucleus (Petrilli et al., 1998; Chen & Yang, 2007) . In (Mg,Fe)SiO 3 perovskite, iron substitutes for magnesium in the large 8-12 coordinated cage. As previously found for the LS state, there is more than one equilibrium site for ferrous iron in the large distorted dodecahedral site (Umemoto et al., 2008) . HS ferrous iron is relatively larger than magnesium and remains in equilibrium in the magnesium position with $8 neighbors. LS iron is smaller and it is in unstable equilibrium in the magnesium position. Its equilibrium position is displaced vertically and has $6 nearest neighbors (see Fig. 3 ) (Umemoto et al., 2008) . It is conceivable that HS iron might also find metastable sites, in addition to the lowest energy site, within the large Mg cage. At each site, the ligand field (and electron charge distribution) is different. Such a difference, even if small, can cause significant differences in the EFG and thus lead to very different QSs, irrespective of spin state. Therefore, interpretation of the spin state on the basis of QSs observed in Mössbauer spectra is not unambiguous. At different equilibrium sites, iron in the same spin state may still have different QS.
Equilibrium sites for iron in the perovskite cage were found by following unstable vibrational modes of a hypothetical cubic perovskite structure of (Mg 0.75 Fe 0.25 )SiO 3 with 20 atoms per unit cell. This structure is unstable and has several zone center modes with imaginary frequencies. Atoms were displaced according to these modes and the structure subsequently relaxed. This process was repeated until no more unstable phonons could be identified. Several metastable configurations for ferrous iron in the perovskite cage could then be found, each one with distinct QS. Work by Bengtson et al. (2009) also demonstrated the presence of more than one site for iron and the dependence of QS on the iron site. As shown in Umemoto et al. (2008) , the GGA equilibrium volume of HS (Mg 0.75 Fe 0.25 )SiO 3 is 286.24 a.u.3/f.u. (1144.97 a.u.3 per 20-atom cell). A hypothetical cubic perovskite cell with equal volume was generated, and its phonon frequencies and zone center normal modes were calculated. Among its seven distinct soft modes, three of them can lead to stable perovskite structures, directly or indirectly. Two of them are energetically competitive at 0 GPa and they are shown in Fig. 4 .
The LS states are also obtained following the same procedure in cubic LS (Mg 0.75 Fe 0.25 )SiO 3 (unit-cell volume 1137.75 a.u. 3 ). In this case none of the soft phonon modes can directly produce the final equilibrium structures with LS iron. Successive calculations of unstable phonon 
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R.M. Wentzcovitch, H. Hsu, K. Umemoto frequencies and structural relaxations produce three structures, only one of which could compete energetically with the other two HS structures . This LS structure is the same as that found by Umemoto et al. (2008) and shown in Fig. 3 . The approach to find stable IS iron sites in perovskite was different. IS iron cannot be stabilized in the hypothetical cubic perovskite, and this hinders the phonon calculation. Iron was displaced from the HS equilibrium sites along the [001] direction (P1 symmetry) and structural optimization was performed subsequently. The atomic structures of the two competing HS states were used as the starting configuration, and the same IS site was obtained. The magnetic moment of iron can be stabilized as S ¼ 1 spontaneously without applying any constraint when P ! 30 GPa. Therefore, results for IS irons are reported only above 30 GPa. The atomic structure of the IS state presented in this manuscript is the same as the one presented in Umemoto et al. (2010) .
As mentioned earlier, the QS of iron nucleus is determined by the electron charge distribution around the nucleus, not by the spin state. The ligand fields around both HS iron sites differ because of the different Fe-O arrangements shown in Fig. 3 and 4 . These determine dorbital occupancies of iron and their respective EFGs. For 40 atom cells with composition (Mg 0.875 Si 0.125 )SiO 3 , competing HS states at 0 GPa are semiconducting with energy gaps slightly larger than 0.1 eV. The difference in their electronic structures shows up clearly in PDOS of iron. The spin-up electrons in HS-iron occupy all five d-orbitals, and their contribution to the EFG is negligible since their charge distribution is spherical. It is the spin-down electron density that is responsible for the resulting EFG. The main EFG component, V zz , depends on the orbital occupancy based on V zz / e 2n xy À n yz À n xz À 2n z 2 þ 2n x 2 Ày 2 À Á =r 3 (Chen & Yang, 2007) , where n xy , n yz , . . . , denote for the occupancy of orbitals d xy , d yz , . . . , respectively, and they can be calculated by integrating PDOS over energy. This expression for V zz shows that electrons occupying d xz or d yz orbitals contribute half as much as the d xy , d x 2 Ày 2 , or d z 2 electrons to the EFG. The spin-down occupancies in the HS iron with QS of 3.4 mm/s are n x 2 Ày 2 % 0; 47 and n xy % 0:62, while the HS iron with QS of 2.3 mm/s has spin-down n yz % 0:97. The other orbitals have negligible occupancies. This origin of the different QSs of the HS iron at different sites is this difference in the d-orbital occupancy. Fig. 5 shows a summary of calculated QSs of both HS states and the lowest energy IS and LS states at lowermantle pressures compared with experimental data. The relative enthalpy of these states versus pressure in (Mg 0.875 Si 0.125 )SiO 3 computed using GGA and GGA þ U are shown in Fig. 6 . Only the two competitive HS states, the lowest enthalpy LS state and the single IS states are included in this comparison. These states will be referred as the low-QS (2.3 mm/s) and high-QS (3.4 mm/s) HS states, LS, and IS states in the rest of the paper. Despite the dependence of the crossover pressure on the exchange and correlation functional, it is clear that the only crossover observed is between the low-and high-QS states at pressures similar to those observed in Mössbauer experiments . No other crossover is obtained at mantle pressures, i.e. below 135 GPa. LDA and LDAþU also confirm the crossover between low-and high-QS states at low pressures. LDA also gives a HS to LS crossover at $ 100 GPa (Bengtson et al., 2008; Hsu et al., 2010b; Umemoto et al., 2010) . However, the latter is an unrealistically low pressure and LDA þU raises this transition pressure to well beyond mantle pressures (Hsu et al. 2010b ). Since there is no spin change associated with the change in QS observed in Mössbauer spectra, there is no significant iron polyhedral volume change and First-principles studies of spin-state crossoversno bulk modulus anomaly as observed in ferropericlase Wentzcovitch et al., 2009) .
Crossover in ferric iron
As to ferric iron in perovskite, possibly more abundant than ferrous iron (Fe 3þ /AE Fe might be as high as 2/3) (McCammon, 1997; Frost et al., 2004) , its spin-state crossover has remained unclear since 2004. Experiments in aluminum-free iron-bearing perovskite focused mostly on ferrous iron (Jackson et al., 2005; McCammon et al., 2008) . It was still observed that a low concentration of ferric iron in these sample exhibited an increase in QS with pressure, which suggests a crossover from the HS (S ¼ 5/2) to LS (S ¼1/2) state in the pressure range of 30-70 GPa (Jackson et al., 2005) . In Al-bearing samples, where ferric iron occupies the dodecahedral (A) site, the QS remains unchanged up to 100 GPa, which suggests the A-site iron remains in the HS state. These results indicated that the ferric iron at the octahedral (B) site undergoes a spin-state crossover. A more recent experiment using (Mg 1-x Fe x )(Si 1-x Fe x )O 3 (x ¼ 0.1) samples supports such a mechanism: about half of the HS iron changes to LS state in the 45-60 GPa range while the other half remains in the HS state all the way to 150 GPa (Catalli et al., 2010) . Early computational studies on (Mg 1-x Fe x )(Si 1-x Fe x )O 3 found a ground state with HS iron at the A site and LS iron at the B site (A HS, B LS) and an A-site HS-LS crossover that leads both A-and B-site iron to a final LS state (A LS, B LS) at high pressures (Zhang & Oganov, 2006; Stackhouse et al., 2007) . These predictions are inconsistent with experiments in two ways: (1) the predicted transition pressure was too high (.75 GPa) and (2) the predicted final HS iron concentration is too low.
We stabilized (Mg 1-x Fe x )(Si 1-x Fe x )O 3 with x ¼ 0.125 in all possible spin states using a 40-atom super-cell shown in Fig. 2b (Hsu et al., 2011b) . We also calculated the electric field gradient at the iron nucleus for all spin states. These states were also independently confirmed via the augmented plane-wave plus local orbitals (APW þ lo) method implemented in the WIEN2k code , with which the EFGs were calculated. The EFGs were converted to QSs with 57 Fe nuclear quadrupole moment Q ¼ 0.16 (Petrilli et al., 1998) and 0.18 to estimate the effect of the uncertainty on the value of Q. To treat (Mg 1-x Fe x )(Si 1-x Fe x )O 3 , the density functional theory plus Hubbard U (DFT þ U) method is necessary, as standard DFT exchange-correlation functionals, the local density approximation (LDA) and generalized gradient approximation (GGA) lead to unwanted metallic states (especially at high pressures), in which the iron spin states are not well defined.
Within DFTþU, several combinations of iron spin states can be stabilized. The A-site ferric iron can be stabilized in HS, IS, and LS states. The B-site ferric iron can be stabilized not only in LS state, but also in the HS state that was not found in previous calculations (Zhang & Oganov, 2006; Stackhouse et al., 2007) . The spin moments of the A-and B-site iron can be either parallel or antiparallel. The self-consistent U, U sc , depends mainly on the iron spin state, slightly depends on the occupied site, and barely depends on pressure and alignment of spin moments. The relative enthalpy of each stabilized state is shown in Fig. 7 , where the previously perceived ground state (A HS, B LS) is used as a reference. As can be seen, the actual ground state at low pressures is (A HS, B HS), whether using LDA þ U sc , GGA þ U sc , or using a unique constant U for all states. The crossover pressure predicted by LDA þ U sc best agrees with the transition pressure observed in Mössbauer spectra: 50-60 GPa (Catalli et al., 2010) .
The calculated QSs of ferric iron (A and B site) in various spin states, along with the measured QSs (Jackson et al., 2005 Catalli et al., 2010) , are shown in blue in Fig. 5 . Clearly, our calculations on ferrous and ferric iron in perovskite are consistent with Mössbauer spectra. The HS-LS crossover in the B-site ferric iron also helps to explain the decrease in XES satellite peak (Kb) intensity (Badro et al., 2004; Li et al., 2004) . The QS of ferrous and ferric iron exhibit exactly the opposite trends with respect to the spin moment. This can be understood via their orbital occupancies. The LS ferrous iron, although occupying the A site, is effectively located near the center of a Fe-O octahedron, as it is vertically displaced from the mirror plane (Umemoto et al., 2008) . Its six 3d electrons doubly occupy the three orbitals with t 2g character and form a charge density with cubic-like shape, which barely contributes to the EFG and leads to a very small QS. The HS ferric iron also has a small EFG (and thus QS), irrespective of A or B site. This is because its five 3d electrons (all spinup) occupy all 3d orbitals, forming an almost spherically shaped electron charge distribution that leads to a small EFG (and thus QS). Similarly, the spin-up electrons in HS ferrous and LS ferric iron barely contribute to EFG, as their charge distributions are nearly spherical and cubic, respectively. It is their spin-down electrons that contribute to the EFGs and lead to larger QSs. This is why the spin moments of ferrous and ferric iron appear to affect the QSs in an opposite manner.
The LDAþU sc compression curves and bulk modulus (K ¼ VdP/dV) of (Mg 1-x Fe x )(Si 1-x Fe x )O 3 perovskite (x ¼ 0.125) along with the experimental data (x ¼ 0.1) (Catalli et al., 2010) are shown in Fig. 7 . At low pressures (,45 GPa), the experimental data fall on the calculated compression curve corresponding to the (A-HS, B-HS) state. Starting from $45 GPa, the data points deviate from the (A-HS, B-HS) curve and then join the (A-HS, B-LS) curve at $60 GPa. Starting from $90 GPa, the data deviate from the curve again. This, however, is very likely to result from the questionable accuracy of the Au pressure scale used in the experiment, as in the case of (Mg 1-x Fe x )SiO 3 perovskite (Hsu et al., 2010b) . The observed volume reduction shown in Fig. 8a further confirms At finite temperatures, the spin-state crossover passes through a mixed-spin (MS) state (namely, HS and LS coexist) within a finite pressure range that increases with temperature. During the crossover, the thermodynamic properties of the MS state exhibit anomalous behavior that may affect mantle properties. One example is the softening in bulk modules and its effect on the compressional wave velocity, as already observed in ferropericlase (Crowhurst et al., 2008; Wentzcovitch et al., 2009; Wu et al., 2009) . To estimate such anomaly in (Mg 1-x Fe x )(Si 1-x Fe x )O 3 perovskite, we employed the thermodynamic model described in section 3.2 and used to describe ferropericlase Wu et al., 2009) . Here, we do not include vibrational free energy, as it barely affects the magnitude of the anomaly, slightly increases the transition pressure, and uniformly decreases the bulk modulus. The calculated V(P) curve of (Mg 1-x Fe x )(Si 1-x Fe x )O 3 perovskite in the MS state (using LDAþU sc ) at room temperature (300 K), shown as the dashed line in Fig. 8a , exhibits a volume reduction ($1.2 %) around the predicted transition pressure, 41 GPa. This reduction leads to a significant softening in bulk modulus, as shown in Fig. 8b . The softening is still prominent at 2000 K, the temperature near the top of the lower mantle ($660 km deep). Given the abundance of iron-bearing perovskite and the possibly high population of ferric iron, this softening may have a noticeable impact on the mantle properties, including possible anomalies in the seismic wave velocities.
Summary
First-principles calculations of iron-bearing perovskite are able to reproduce experimental data and are shown to be essential for their interpretation, as experimental methods used to investigate pressure-induced spin state changes, i.e. Mössbauer spectroscopy and XES, cannot unambiguously identify iron spin states. The main conclusions reached in this work are: First-principles studies of spin-state crossovers 859
(1) There is no spin crossover in ferrous iron in the A site of the perovskite structure within the pressure range of the mantle. A lateral displacement of HS ferrous iron on the a-b plane produces an HS state with higher Mössbauer QS ($3.5 mm/s) seen at $ 30 GPa. This change does not produce volume elastic anomalies. Ferrous iron in the LS and IS states in the A site are displaced along [001] . They are ''smaller'' cations and shift to sites with six nearest neighbors only. These states are not energetically competitive at mantle pressures. (2) Only ferric iron at the B-site undergoes HS-LS crossover. This takes place at $ 50-60 GPa and produces a volume change of $ 1 %. There is no HS-LS crossover in the A site. IS and LS states are not energetically competitive at mantle pressures. Even if the A-site Fe 3+ did undergo a spin crossover, it would not lead to anomaly in bulk modulus, as the spin state of A-site Fe 3+ barely affects the compression curve. (3) Ferric iron should affect mantle properties more significantly than ferrous iron because of its crossover and its expected abundance. The real mantle perovskite, (Mg,Fe,Al)(Si,Al,Fe)O 3 , contains also $ 5 % of aluminum and the microscopic state of this system under the high pressures and temperatures of the mantle is still quite uncertain. Recent Mössbauer experiments (Catalli et al., 2011 ) see a change in iron nuclear QS starting at 70 GPa, accompanied by a density anomaly. This has been attributed to the presence of ferric iron in the B site. This interpretation is consistent with results reported above, but calculations still need to confirm the microscopic picture in aluminum-bearing perovskite. The real challenge is to describe the microscopic state of (Mg,Fe,Al)(Si,Al,Fe)O 3 at the high temperatures of the mantle.
